This is the first comprehensive review to examine the role of the central European invasion corridor on fish introductions into Belarusian and Polish inland waters (Dnieper-Bug-Vistula-OderElbe-Spree-Havel). Historical and recent data were assessed, were also found within the corridor -the Amur sleeper Perccottus glenii, gibel carp Carassius gibelio, brown bullhead Ameiurus nebulosus and the topmouth gudgeon Pseudorasbora parva. Their presence is related to numerous accidental introductions to many localities in Belarus and Poland, rather than from using the corridor as an invasion route. One species, the ninespine stickleback, Pungitius pungitius, has migrated from the Baltic basin to the Black Sea drainage systems.
INTRODUCTION
The current freshwater fish fauna of Northern and Central Europe began to form about 11,000 years ago, after the retreat of the last Würmian glaciation, and is therefore relatively young. As a result, the fauna is characterised by low endemism and a smaller number of species compared to Southern and South-eastern Europe (Rolik, Rembiszewski 1987) . Northern and Central Europe's current fish fauna composition is a result of various post-glacial recolonisation processes, and human activities. In the case of Poland and Belarus, the native fauna consists of species from both the Arctic and Ponto-Caspian regions, with a predominance of species of Ponto-Caspian origin such as that found in the Vistula and Dnieper river basins (Zhukov 1965; Rolik, Rembiszewski 1987) .
Post-glacial fish migration from the PontoCaspian refuge to rivers in the Baltic basin occurred through vast meltdown lakes that formed temporary connections between the Dnieper, Neman and Vistula rivers, as well as between upper Dniester and San (Zhukov 1965; Mahon 1984; Rolik, Rembiszewski 1987) . Many limnophilic species migrated at that stage. After the lakes had receded and river valleys began to form, migration of rheophilic species occurred. Traces of these connections and colonisation processes are seen not only in geomorphology, but also in morphological similarities between fish populations of species from
MATERIALS AND METHODS

Field surveys were conducted in Belarus and
Poland at 50 sites in the eastern and middle sections of the central invasion corridor (Fig. 1) . The surveyed area in Belarus included 475 km of the River Pripyat (sites 1-8); 196 km of the Dnieper-Bug Canal, including 74 km of the canalised section (sites 9-10) of the River Pina, a tributary of the Pripyat; 58 km of the Korolevskiy Canal (sites 11-12), which crosses the watershed between the Black Sea and Baltic Sea basins and is known also as Pripyat-Bug Canal; and 64 km of the canalised section of the River Mukhavets, a tributary of the River Bug (site 13). In Poland, surveys were undertaken along 269 km of the River Bug (sites 14-32); 50 km of the Zegrzynski Reservoir (sites 34 and 35); 221 km of the River Vistula (sites 36-39); 38 km of the Bydgoski Canal (sites 40-42); 199 km of the River Notec (sites 43-49); and 68 km of the River Warta (site 50). Field studies in the Belarusian section of the River Pripyat and the Dnieper-Bug Canal (Fig. 1, Table 1 ), including the river ports, were conducted in August 2007 and 2008. Fish samples (from five to seven replicates per locations, two minutes per sample) were collected using a large hand-net (60×60 cm, mesh size 5 mm) from depths of 0.3 to 0.5 m. These data were supplemented by information from an earlier survey undertaken on the River Pripyat in 1993 (Gulugin, Kunitsky 1999) . In Poland, samples were collected in October 2003, April and December 2008, using a battery-powered electrofishing unit (350 V, 20-100 Hz) at depths of 0.3 to 0.7 m, whereas in August 2007, electrofishing was undertaken from a boat along 500 m stretches using a full-waved rectified, pulse DC electro-shocker (3kW, 230 V) in water depths of 0.5 -3.0 m (Table 1) .
RESULTS AND DISCUSSION
Forty-seven native and 13 non-native fish species were found in the rivers and lakes of Belarusia (Rizevsky et al. 2009 ). Eight of the non-native species were recorded in the Belarusian section of the central invasive corridor (Table 2) , six of these during surveys in 2007 -2008 (Table 1) . The most widespread and abundant species in the Belarusian section were the round goby Neogobius melanostomus, followed by the monkey goby Neogobius fluviatilis and the tubenose goby Proterorhinus marmoratus (Table 1) . Three less-frequently encountered species were the racer goby Neogobius gymnotrachelus, the Amur sleeper Perccottus glenii and the ninespine stickleback, Pungitius pungitius, the latter being found close to the Polish border in the Dnieper-Bug Canal only. The freshwater fish fauna in Poland consisted of 57 native and 26 non-native species (Witkowski 1996 , Witkowski 2002 , Grabowska et al. 2010 , although only about 11 of the non-native species have become established in open water. Eight species have been recorded in the Polish section of the central corridor (Table 2) (Brylińska 2000 , Czeczuga et al. 2002 , Kostrzewa et al. 2004 , Grabowska et al. 2008 . Six non-native species were found in the Polish section of the corridor during the present study -the gibel carp Carassius gibelio, Amur sleeper, white-eye bream Abramis sapa, tubenose goby, racer goby and the monkey goby (Table 1 ). The latter two species were present at nearly all of the sampling sites in the rivers Bug and Vistula, and the Zegrzynski Reservoir. Their abundance was influenced by local habitat characteristics. Monkey gobies were often found on sandy bottoms in areas of relatively strong water current, whereas racer gobies frequently occurred in more sheltered habitats comprised of muddy substratum covered in mollusc shells, or where stones and pebbles provided hiding places. Tubenose gobies were found in one location in the River Bug, and at two sites in the River Vistula, along rip-rap sections. Amur sleepers were only recorded from three sites and in very low abundance (1-3 individuals). No non-native fish species were found in the Bydgoski Canal, or in the rivers Notec and Warta.
Below, non-native species occurring in natural and artificial waterways forming the central invasion corridor in Belarus and Poland, and their invasion history, are presented.
Ponto-Caspian species
Monkey gobies were the first of the three PontoCaspian gobiid species to invade the Belarusian section of the River Dnieper, where they were first observed in 1936 (Vorontzov 1937) . They then appeared in the River Pripyat in the early 1950s (Voronin 1957) . The upstream migration of monkey gobies in the Dnieper began earlier, as they were recorded in the middle section of the river in 1856 and again in 1932, at locations currently within Ukraine territory (Berg 1933) . The arrival of monkey gobies in Poland was first noted in 1997, in the middle section of the River Bug, only a few kilometres downstream of its convergence with the Dnieper-Bug canal (Danilkiewicz 1998) . In subsequent years, monkey gobies were recorded at locations downstream of the River Vistula (Fig. 1) , in the Włocławski Reservoir at site 38 in 2002 (Kostrzewa, Grabowski 2002 , Kakareko et al. 2005 , and at the river mouth in 2003 (Grabowska et al. 2008) . The estimated mean rate of this dispersal is 122 km per year.
Round gobies were first recorded in 1932 in the lower course of the River Dnieper (Berg 1933) and in 1961 in the middle Dnieper (Babenko 1961) , spreading at an estimated 10 km per year (between the Zaporozhskoe and Kiev reservoirs). The round goby was first recorded in 1993 in the River Pripyat in Belarus (Gulugin, Kunitsky 1999) , but was probably present in the river earlier. They are now distributed along the entire Belarusian section of the central corridor, and are the most abundant of the non-native fish species (Table 1) . Although not found in the Polish section of the River Bug in 2007 and 2008, the round goby is expected to migrate into Poland in the near future through the central corridor, where it is already present in high densities upstream of Brest (site 13; Fig. 1 ). Downstream expansion of the round goby will result in this species inhabiting the entire lower section of the River Vistula. Round gobies have already invaded the lower 130 km upstream of the Vistula (Kostrzewa, Grabowski 2002) , having expanded there from the Gulf of Gdansk in the Baltic Sea, where they were first reported in 1990 (Skóra, Stolarski 1993) .
In 1970, racer gobies were found in the middle section of the Dnieper River, followed by the upper section in 1978 (Smirnov 1986 ), the River Pripyat in 1993 (Gulugin, Kunitsky 1999) , with recent records (Table 1) from Belarus including the River Pripyat (sites 4, 5 and 7) and the Dnieper -Bug Canal (Site 12). Migration into Poland was rapid, with an initial report from the middle River Bug (a few kilometres downstream from the Dnieper-Bug connection) in 1995 (Danilkiewicz 1996) , followed by reports further downstream almost to the river mouth of the Vistula (Kostrzewa, Grabowski 2001; Kostrzewa at al. 2004; Grabowska et al. 2008) . The racer goby has established itself in the River Brda (T. Kakareko, personal communication) , meaning it has already entered the Bydgoski Canal, the next crucial stretch of the central corridor that joins the Vistula and Oder river basins. Phylogeographic investigations with molecular markers have revealed that racer gobies in the Vistula basin derive from the River Dnieper, indicating the central corridor was the invasion pathway (Ohayon, Stepien 2007) .
Tubenose gobies are the most recent of the Ponto-Caspian invaders in Belarus and Poland (Rizevsky at al. 2007 , Grabowska et al. 2008 ). Prior to 1970, the tubenose goby was found only in the lower River Dnieper (Smirnov 1986 ), but by 1985, it had entered the Kiev Reservoir (Smirnov 1986 , Naseka et al. 2005 . Although not found in the Belarus Pripyat survey in 1993 (Gulugin, Kunitsky 1999) , they were found in August 2007 for the first time in the middle and upper sections close to the Dnieper-Bug Canal (Rizevsky et al. 2007 ), between sites 4 and 8, with the highest numbers recorded at the river port of Mykashevichy (Table 1) . In April 2008, a tubenose goby specimen was recorded in the Polish Bug (site 14) and in the lower Vistula River (site 37), approximately 405 km downstream of the Bug River-Dnieper-Bug convergence (Grabowska at al. 2008) . This corresponds to an estimated dispersal rate of 608 km per year, making the tubenose goby the fastest spreading of the Ponto-Caspian invaders, followed by the monkey goby (122 km per year), the racer goby (68 km per year) and the round goby (10 km year -1 ).
Black Sea sprats were recorded in the central section of the Pripyat River (sites 5 and 7) in 1986 (V. Rizevsky, M. Pluta, unpublished data), but were not found during the 2007 survey. Unexpected and casual appearance of this species (Gulugin, Kunitsky 1999) can only be attributed to transport via ships entering the Mykashevichy river port. Sprats entered the Zaporozhskoe Reservoir (previously named Dnieper Reservoir) in 1958, and are now distributed as far as the Kiev Reservoir, located 550 km downstream, and in other reservoirs along the River Dnieper (Romanenko et al. 2003) . To date it has not been reported in Poland.
White-eye bream, native to Belarus, occur naturally in the River Dnieper and its tributaries, including the River Pripyat (Zhukov 1965) . Outside its natural range, white-eye bream were first recorded in the River Volkov (Baltic Sea basin), which it invaded via the River Volga (Zhukov 1988 ). In the 1990s, the species was noted in the River Rhine, Germany (Freyhof 2003) , probably accidentally introduced from the rivers Weser and Danube. It also migrated, most probably through the central corridor, from Belarus to Poland. Its occurrence in the Zegrzynski Reservoir (in the lower stretch of the River Bug) was first documented in the 1980s (Terlecki 1990) , although local fishermen state that it was caught there much earlier. A few years later, white-eyed bream had established a thriving population in the Włocławski Reservoir (site 38; Fig.  1 ) in the lower River Vistula (Kakareko et al. 2008) . During the present study, two or three specimens of white-eye bream were found at two sites in the River Bug (Table 1) . The exact year of the white-eyed bream's arrival in Poland is difficult to determine because of its close physical resemblance to the native common bream Abramis brama, leading to misidentification of white-eyed bream as the native species.
Other non-native fish species There were five non-native fish species recorded in the central invasion corridor, whose dispersal was not directly related to canal connection between river basins. The Amur sleeper was intentionally introduced into Belarus by fishermen in 1972, and until now has been widely distributed throughout the country, mainly in artificial ponds, reservoirs and oxbows (Rizevsky et al. 1999) , including the middle section of the Pripyat, with low abundance (Table 1) . The route of introduction of the Amur sleeper to Poland is unknown, but it appeared in oxbow lakes of the River Vistula (Antychowicz 1994) , upstream from the section of Vistula that belongs to the corridor. The species spread down the River Vistula (Terlecki, Palka 1999; Kakareko 1999; Wiśniewolski et al. 2001) , and has also been recorded in the River Bug (Kostrzewa et al. 2004) . Population densities are variable, but the species is dominant in some sheltered oxbows along the Vistula (Grabowska et al. 2009 ). The rate of the Amur sleeper's expansion in the River Vistula ranged from an initial 44 km per year, up to 197 km per year thereafter (mean = 88 km per year).
The gibel carp and brown bullhead Ameiurus nebulosus were intentionally introduced either to Belarus or Poland for stock enhancement, recreational and aquaculture purposes, and therefore the central corridor is at best a secondary dispersal route. During the present survey, gibel carp were not found in the main riverbed of the River Pripyat, but occurred in its oxbows, although it was only caught in low numbers (two to three individuals per fishnet). In the Vistula and Bug river basins, gibel carp have been noted since the 1940s (Staff 1950) ; however during recent surveys (Table 1) it was present only in the Włocławski Reservoir (site 38), in the lower River Vistula (Fig. 1) . The brown bullhead has been reported for waters in river basins that make up the central corridor (Adamczyk 1975 , Danilkiewicz 1997 , Brylińska 2000 but not in the corridor itself until the 1990s, when it was found in the main river bed of the River Bug (Danilkiewicz 1997) .
Introduction and rapid spread of the topmouth gudgeon Pseudorasbora parva in Europe, including Poland and Belarus, was as a contaminant of fish consignments of Chinese carp (Witkowski 1991; Kunitsky, Pluta 1999) . Topmouth gudgeons were first reported in Belarus in 1998, but not in the River Pripyat proper, only in its northern tributary, the River Ptych (Kunitskiy, Pluta 1999). In Poland, topmouth gudgeons have been recorded at many locations throughout the country, including the Vistula and Bug catchments (Witkowski 2002) , the latter being in the main course of the Bug a few kilometres downstream of its confluence with the River Mukhavets (Czeczuga et al. 2002) .
The only species of Boreal origin to have entered rivers of the Black Sea basin is the ninespine stickleback, a species native to Poland although present only in the northern and central part of the country, including lower parts of the Vistula River and the Bug River basins (Brylińska 2000) . The ninespine stickleback is currently found mainly in the upper part of the Pripyat system, in particular in canals that connect the Baltic and Black Seas. Further expansion of ninespine sticklebacks into the Black Sea basin is likely to occur through the Oginskij Canal, which connects the River Yaselda (a tributary of the Pripyat) to the River Neman basin (Olenin 2002) . During the 2007 survey, this species was found only in the Pripyat-Bug Canal (sites 11 and 12).
Potential future invasions
The Kiev Reservoir (Ukraine) is the likely source of future invasions because it has contributed previous invaders via the central corridor. Four such future invaders, all of Ponto-Caspian origin and already established in the reservoir, are the southern stickleback Pungitius platygaster, the bighead goby Neogobius kessleri, the black-striped pipefish, Syngnathus nigrilineatus, and the stellate tadpole goby Benthophilus stellatus.
During 2008, the southern stickleback and blackstriped pipefish were found in the Belarusian section of the River Dnieper (upstream from the section of the river belonging to the central corridor) on the border between Belarus and Ukraine (V. Rizevsky, M. Pluta, unpublished data). The black-striped pipefish entered the Kiev Reservoir in 1990 from the southern part of the River Dnieper, and is now widely distributed in all Dnieper dam reservoirs in high abundance (Romanenko et al. 2003) . The distribution of stellate tadpole gobies is related to the construction of reservoirs on the River Dnieper. This species entered the Kiev Reservoir immediately after its construction in the 1980s and was recently found in the reservoir's upstream section (Zimbalevskaya et al. 1989 , Romanenko et al. 2003 . The invasion history of the bighead goby shows its fast spread in the Ukrainian section of the River Dnieper also (Copp et al. 2005) . Another non-native species, the channel catfish, Ictalurus punctatus, was introduced in 1979 to Lake Beloe, a power station cooling reservoir belonging to the River Pripyat basin (A. V. Alekhnovich, personal communication). So far it has not been found in the main course of the central invasion corridor. Channel catfish cannot reproduce under natural conditions in the climatic zone of Belarus and Poland, and therefore its spread to other water bodies is unlikely.
Pathways
Together with natural spread, shipping appears to be an essential factor for dispersal of non-native fish species in the River Pripyat basin. Maximum shipping intensity dates from 1990 -1995, followed by a period of decline from 1996 -2002; however shipping intensity has increased again (Fig. 2) . Mykashevichy and Mozyr are the busiest river ports. Mykashevichy port is connected to the River Pripyat via a 7 km long canal and is the main point on the River Pripyat where ships and barges discharge ballast water before loading. Five of six non-native fish species recorded in the Belarusian section of the central corridor occurred in high abundance in this canal. River shipping is known to have facilitated the spread of gobiids from the Danube, where goby densities were found to be highest in the vicinity of river harbours, which usually provide rip-rap habitats with an abundance of hiding and nesting places (Wiesner 2005) . River shipping also facilitated the spread of non-native fish in Belarus, although in some cases it is difficult to differentiate between the natural dispersal of non-native fish along river basins, and that related to shipping. In the River Pripyat, Ponto-Caspian species display predominantly natural dispersal in the lower part of the river due to the short distance from the Kiev Reservoir, a donor area. Their further distribution along the River Pripyat has probably been aided by shipping.
The relationship between non-native species introduction dates and the number of ship calls ( Fig.   Fig. 2 . Number of ships calls in river ports on the Pripyat River. Arrows indicate year of gobies' first records.
2) suggests that some species (e.g. the round and racer goby, and probably also the tubenose goby) invaded the River Pripyat when shipping was at its most intense. As suggested by Weisner (2005) , these species appear to have established new populations in the port areas, increased their abundance, and then spread naturally within the river basin. A similar lageffect between time of introduction and establishment has also been observed in some nonnative invertebrates (Semenchenko et al. 2007 , Semenchenko & Laenko 2008 . However, natural dispersal is the main form of expansion in the Polish section of the central corridor, where shipping intensity is very low. In fact, there are no river harbours on the River Bug. After World War II, a dam was built on the River Mukhavets at Brest (Belarus) in order to maintain a high water level in the Korolevskiy/Pripyat-Bug Canal (sites 11-13), and shipping traffic on the River Bug was halted (Blue Book of Belarus 1994). Since 1996, several barges were transported to Poland on a few occasions, by way of temporary openings in the connections between the rivers. This may have allowed some aquatic organisms to migrate across the watershed between the rivers Mukhavets and Bug (Karatayev at al. 2008) . Surprisingly, the first Ponto-Caspian goby, the racer goby, to migrate from Belarus to the River Bug, was found there earlier, in 1995. Apparently it expanded its range by natural migration.
CONCLUSION
The central invasion corridor is an important route for expansion of four species of Ponto-Caspian gobies, the monkey goby, racer goby, round goby and the tubenose goby. Similar extensive upstream migration of these fish was observed along the rivers Don (Naseka et al. 2005 ) and the Danube (Ahnelt et al. 1998; Prášek, Jurajda 2005) . Some of them have extended farther to the west through the opening of the Danube-Main-Rhine canal (van Beek 2006 , von Landwüst 2006 . Their rapid expansion has been noted since the early 1990s. The reason it did not occur earlier remains unknown. The expansion of gobies up the Danube could be interpreted as a combination of continuing post-glacial colonisation (i.e. active natural spread) and of passive dispersal facilitated by shipping (Ahnelt et al. 1998) . Species spread in Europe and further afield is often related to shipping intensity (Ahnelt et al. 1998 , Wiesner 2005 . Additionally, river regulations (i.e. water retention structures) have dramatically changed the river continuum (including temperature regimes), with new habitat types (e.g. dykes, rip-rap) presenting a much greater area of suitable habitat for colonisation by gobiid species (Wiesner 2005) . These man-made factors, essential in the case of the Belarusian section of the corridor, are probably less important in the Polish section where the River Bug remains an example of a relatively natural lowland river. Similarly, the River Vistula has not been canalised in most of its course. The recent expansion of PontoCaspian gobies in Europe has been facilitated by a range of factors, including, but not limited to, species-specific traits such as phenotypic plasticity, reproductive tactics, and low parasite loads if compared to native species (Copp et al. 2005 ). At present, plans for reconstruction of the Dnieper-Bug Canal, including the Polish section of the River Bug, have been developed, including the construction of new navigation locks (Govorovsky 2008) . The revitalisation of this trans-boundary waterway, and the subsequent shipping intensification, would greatly accelerate the exchange of fauna between the Black, Baltic and North Sea basins, and the expansion of non-native species in river systems along the central invasive corridor.
